Alterations in protein folding and the regulation of conformational states have become increasingly important to the functionality of key molecules in signaling, cell growth, and cell death. Molecular chaperones, because of their properties in protein quality control, afford conformational flexibility to proteins and serve to integrate stress-signaling events that influence aging and a range of diseases including cancer, cystic fibrosis, amyloidoses, and neurodegenerative diseases. We describe here characteristics of celastrol, a quinone methide triterpene and an active component from Chinese herbal medicine identified in a screen of bioactive small molecules that activates the human heat shock response. From a structure/function examination, the celastrol structure is remarkably specific and activates heat shock transcription factor 1 (HSF1) with kinetics similar to those of heat stress, as determined by the induction of HSF1 DNA binding, hyperphosphorylation of HSF1, and expression of chaperone genes. Celastrol can activate heat shock gene transcription synergistically with other stresses and exhibits cytoprotection against subsequent exposures to other forms of lethal cell stress. These results suggest that celastrols exhibit promise as a new class of pharmacologically active regulators of the heat shock response.
Modulation of the heat shock response has gained attention as a potential therapeutic modality in human disease for cancer, ischemia-reperfusion, trauma, transplantation surgery, and diabetes and has been implicated in longevity and aging (1) (2) (3) (4) (5) (6) . Consequently, the identification of pharmacologically active small molecules that influence the levels of molecular chaperones has gained some attention. Examples include sodium salicylate and other nonsteroidal anti-inflammatory drugs, which directly activate heat shock transcription factor 1 (HSF1) 1 ; the benzoquinones ansamycin, geldanamycin, and radicicol, which bind to and inhibit Hsp90 and activate a compensatory heat shock response; and inhibitors of the proteasome, which indirectly activate chaperone expression in response to an increased flux of proteins targeted for degradation (1, 3, (7) (8) (9) (10) (11) . Chaperones are central to many vital cellular functions, including protein folding, signal transduction, immunity, and apoptosis, and they have critical roles in protecting the cell against a wide range of physiological stressors. The regulation of the heat shock response, therefore, may be directly beneficial for a variety of diseases including those associated with aberrant cell growth, such as cancer, and those associated with damaged and misfolded proteins, such as the neurodegenerative diseases of aging.
In response to a flux of misfolded proteins, mammalian cells induce the heat shock response as mediated by the stressinduced transcription factor HSF1. Under "normal" conditions of cell growth, the majority of HSF1 exists in a repressed state associated transiently with the molecular chaperones Hsp90, Hsp70, and Hsp40 and distributed in the cytoplasm and nucleus of human cells. Upon activation, HSF1 undergoes a multi-step process involving relocalization within the nucleus, oligomerization to a trimeric DNA-binding competent state, binding to heat shock promoter elements, and hyperphosphorylation at serine residues resulting in the coordinated elevated transcription of a large family of heat shock genes (1, (12) (13) (14) (15) (16) (17) . The high level of heat shock gene transcription, induced by heat stress, occurs rapidly and transiently and is autoregulated by molecular chaperones that feedback through HSF1 to attenuate transcription.
To identify new lead compounds for the pharmacological treatment of neurodegenerative diseases, we participated together with a consortium of 26 laboratories to screen a library of Federal Drug Association-approved or biologically active drugs to identify small molecules that suppress properties associated with the expression of mutant Huntingtin and superoxide dismutase, respectively (18, 19) . The 283 positive small molecules identified in the primary screen were subsequently screened in human cells with an hsp70.1 promoter-luciferase reporter to establish whether any of these compounds increased expression of the inducible hsp70 promoter. Of the several positive compounds in our assay, one compound, celas-trol, a natural product derived from the Celastraceae family of plants (20, 21) , was of particular interest because it was also identified independently in five laboratories using six different cell-based screens for Huntingtin aggregation and neurotoxicity. Extracts from the Celastraceae family of plants have been used in traditional Chinese medicine for the treatment of fever, chills, joint pain, inflammation, edema, rheumatoid arthritis, and bacterial infection (22, 23) .
Here, we show that an important consequence of celastrol exposure is the induction of heat shock protein gene expression by activation of HSF1. Our analysis of synthetic celastrol analogs and other chemically related multi-ring compounds suggest that the activity of celastrol is highly dependent on its molecular structure. Celastrol treatment is cytoprotective against subsequent exposures to lethal stress in HeLa cells and SH-SY5Y neuronal cells. We propose that a common mechanism for celastrol could be its effect on the expression of heat shock proteins including Hsp70, Hsp40, and Hsp27, which may be responsible for its cytoprotective properties.
EXPERIMENTAL PROCEDURES
Cell Culture Conditions-Human HeLa, SH-SY5Y, and 293T cell lines were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and penicillin/streptomycin. MCF7, BT474, and H157 cells were grown in RPMI medium supplemented with 10% fetal bovine serum and penicillin/streptomycin. The cells were maintained at 5% CO 2 . The compounds were dissolved in Me 2 SO and added at the indicated concentrations and for the indicated times to the cells. Control cells were treated with an equivalent concentration of Me 2 SO. Heat shock was induced by submersion of cells in a prewarmed circulating water bath at 42°C.
Preparation of Chemical Reagents-Celastrol was obtained from the GAIA Chemical Corporation (Gaylordsville, CT), and derivatives and other multi-ring compounds were prepared as described in the supplemental text.
Plasmid Constructs-The hsp70.1pr-luc construct was made by PCR amplifying the hsp70.1 promoter (Ϫ188 to ϩ150, GenBank TM accession number M11717) from LSN-WT (24) using the 5Ј primer (5Ј-CGG-GATCCGAAGAGTCTGGAGAGTTCTG-3Ј) and the 3Ј primer (5Ј-CGG-GATCCCCAGCTGAACGGTCTGGTTA-3Ј). Both primers contain BamHI sites. Purified PCR products were digested with BamHI and subcloned into BglII site of the pEGFP-N2 (CMVpr), for which the cytomegalovirus promoter was deleted using VspI and NheI sites. The luciferase gene was then subcloned from pRSLL/V (25) to hsp70.1pr-luc using HindIII and SalI sites. The GAL4-HSF1 fusion construct contains GAL4 residues 1-147 and HSF1 residues 124 -503 (26) .
Transfection and Generation of Stable Cell Lines-Transient transfections were performed with Polyfect (Qiagen) according to the manufacturer's protocol. The hsp70.1pr-luc cell line was generated by transfecting HeLa cells with the hsp70.1pr-luciferase plasmid using Lipofectamine (Invitrogen). Colonies were selected for G418 resistance (600 g/ml). The resistant colonies were then tested for the induction of luciferase expression 5 h after heat shock (15 min at 44°C) or cadmium (20 M) treatment, and the colony with the highest luciferase induction was selected for our studies.
HSF1 Antibody-We have generated a new polyclonal antibody (HSF1 r2) against a murine glutathione S-transferase-HSF1 fusion protein that recognizes the various phosphorylated states of murine and human HSF1 with characteristics comparable with our previously published HSF1A antibody (27) . For additional antibody information see Supplemental Fig. 1 .
Luciferase Assays-The cells were plated at 7.5 ϫ 10 3 cells/well in 96-well plates 24 h before compound treatment. The indicated compounds, dissolved in Me 2 SO at a concentration of 10 mM, were diluted in medium and added at the indicated concentrations to the cells. Twenty-four hours after compound addition, the cells were harvested for luciferase activity using the Bright-Glo reagent (Promega, Madison, WI) according to the manufacturer's instructions. Luciferase activity was quantified using a 96-well plate luminometer (Molecular Devices, Sunnyvale, CA).
Gel Mobility Shift Analysis-Electrophoretic mobility shift analysis was performed as previously described (28) using a 32 P-labeled probe containing the proximal heat shock element from the human hsp70.1 gene promoter. The intensities of the shifted bands were quantified on a PhosphorImager (Molecular Dynamics, Sunnyvale, CA). Supershifts were performed by incubating 1 l of polyclonal antibodies specific for HSF1 (27) with the whole cell extracts for 20 min at room temperature prior to the HSF-heat shock element binding reaction.
Reverse Transcription-PCR-The cells were harvested, and RNA was generated using the Trizol reagent (Invitrogen) according to the manufacturer's instructions. After the reverse transcription reaction, PCR was performed using PCR primers specific for hsp70.1 and 18 S rRNA. The hsp70.1 primers were: 5Ј-AGAGCCGAGCCGACAGAG-3Ј (forward) and 5Ј-CACCTTGCCGTGTTGGAA-3Ј (reverse). The 18 S rRNA PCR primers were 5Ј-CGTCTGCCCTATCAACTTTCG-3Ј (forward) and 5Ј-TGCCTTCCTTGGATGTGGTAG-3Ј (reverse). PCRs were carried out for 25 cycles.
Western Blot Analysis-Ten g of whole cell extracts were run on 7.5% SDS-PAGE gels and transferred to nitrocellulose. Western analysis was performed with the Odyssey system (Li-COR, Lincoln, NE). For HSF1, the HSF1 r2 antibody was used at a 1:5,000 dilution. For Hsp70, a mouse monoclonal antibody to Hsp70 (4g4; Affinity Bioreagents, Inc., Golden, CO) was used at a dilution of 1:5,000. The anti-␤-actin antibody (3103, Oncogene Science, Cambridge, MA) was used to verify equal protein loading.
Chromatin Immunoprecipitation Assays-Chromatin immunoprecipitation reactions were performed essentially as described (29) . The samples generated from HeLa-S3 cells (3 ϫ 10 7 ) were immunoprecipitated with 10 l of anti-HSF1 r2 (see Supplemental Fig. 1 ) at 4°C overnight. Primers used for the hsp70.1 promoter were (forward) 5Ј-GGCGAAACCCCTGGAATATTCCCGA-3Ј and (reverse) 5Ј-AGCCTT-GGGACAACGGGAG-3Ј. Primers used for the dihydrofolate reductase promoter were: 5Ј-GGCCTCGCCTGCACAAATAGGG-3Ј (forward) and 5Ј-GGGCAGAAATCAGCAACGGGC-3Ј (reverse).
Cytoprotection Analysis-The cells were pretreated with 3 M celastrol for 1 h, washed three times and given fresh medium, and then recovered for 5 h prior to a 45°C heat treatment for the indicated times. As a control, the cells were pretreated with a 42°C heat shock for 1 h. The cells were then assayed for the percentage of cell death by trypan blue uptake 24 h later. Apoptotic cell death was detected by measuring the increase in cytoplasmic nucleosomes using the Cell Death Elisa Plus assay system (Roche Applied Science) according to the manufacturer's instructions.
RESULTS

Celastrol Activation of a Heat Shock Promoter Is Chemically
Selective-Celastrol, a quinone methide triterpene, was shown by our laboratory to induce expression of an hsp70.1 promoterluciferase reporter gene stably integrated into HeLa cells as part of a screen performed by multiple laboratories to identify compounds with potential for treating neurodegenerative disease (18) . To establish the mechanism by which celastrol activates the heat shock response, we first characterized the EC 50 of celastrol in HeLa cells stably expressing the hsp70.1 promoter-luciferase reporter (hsp70.1pr-luc) and determined an optimal concentration of 3 M (Fig. 1A) . Celastrol activates the hsp70 promoter reporter in diverse cell types to levels comparable with or greater than that obtained by heat shock (42°C; data not shown) or treatment with other chemical stressors (CdCl 2 treatment; data not shown). For example, induction of the hsp70.1pr-luc reporter of 10-fold or greater was observed in the human breast cancer cell lines MCF7 and BT474, the human nonsmall cell lung carcinoma cell line H157, and the human neuroblastoma cell line SH-SY5Y (Fig. 1B) . These results demonstrate that celastrol can activate the hsp70 reporter independent of cell type.
To test the chemical specificity of celastrol, we analyzed other celastrol derivatives ( Fig. 2A, structures 1-9 ) and multiring compounds (Fig. 2B , structures 10 -19) . Our results show that in addition to celastrol (structure 1, 30-fold), celastrol methyl ester (structure 2, 9-fold) and dihydrocelastrol diacetate (structure 7, 28-fold) are also active at 3 M, whereas celastrol butyl ester (structure 4) and dihydrocelastrol (structure 5) require a higher concentration for activity. By comparison, closely related chemical structures including celastrol benzyl ester (structure 3), pristimerol (structure 6), pristimerol diacetate (structure 8), and the triacetate of celastrol (structure 9)
were inactive at all concentrations tested for induction of the hsp70.1 promoter reporter. To further examine the selectivity exhibited by celastrol, we tested other multi-ring compounds in a concentration range of 1-10 M, including various quinonemethides, anthrones, and anthraquinones, for activation of the heat shock response and found none of them to be active (Fig.  2B) . Therefore, our results reveal that the activity of celastrol is highly selective, because only celastrol and a small number of celastrol derivatives can activate the hsp70.1pr-luc reporter. Because celastrol is the most potent of the small molecules tested, further analysis was performed with this compound.
Celastrol Induces HSF1 Activity-Stress-induced activation of the heat shock response is regulated by HSF1, which binds to the conserved heat shock element corresponding to reiterated inverted and adjacent arrays of the pentamer 5Ј-nGAAn-3Ј. To assess whether celastrol-dependent activation of the human hsp70 promoter was due to induction of HSF1 DNA bindingactivity, we performed electrophoretic gel mobility shift assays using radiolabeled heat shock element-containing oligonucleotides. The results indicate that HSF1 DNA binding activity is induced within 10 min of exposure to celastrol and persists through to the last time point assayed of 240 min (Fig. 3A,  upper panel) . It is of interest to note that the kinetics of HSF1 activation by celastrol and heat shock are similar (Fig. 3A) . Because multiple phosphorylated states of HSF1 can exist with different activities (12, 30 -32) , we then examined the phosphorylation state of celastrol-induced HSF1. The different phosphorylated states of HSF1 are readily distinguished by their SDS-PAGE mobility; constitutively phosphorylated HSF1 migrates more rapidly than the stress-activated hyperphosphorylated HSF1. For both celastrol and heat shock treatments, the hyperphosphorylated HSF1 is detected by 30 min (Fig. 3A,  lower panel) . By 120 min, most of the HSF1 exists in the hyperphosphorylated state, as indicated by the band of higher mobility and the disappearance of the lower band. As has been observed previously, the time course of hyperphosphorylation lags behind the kinetics of HSF1 DNA binding (8) .
To verify the biological significance of celastrol treatment on HSF1 DNA binding activity in vivo, we performed chromatin immunoprecipitation experiments to assess binding to the endogenous hsp70.1 promoter, a known downstream target. HeLa cells treated with either celastrol or heat shock for the indicated times were cross-linked and harvested, and chromatin was immunoprecipitated using a polyclonal antibody against human HSF1. PCR analysis using primers specific for the hsp70.1 promoter shows that both heat shock and celastrol induce HSF1 binding to the promoter in vivo with similar profiles over the time course of treatment (10 -240 min; Fig.  3B ). Specificity is indicated by the lack of HSF1 binding to the dihydrofolate reductase promoter by celastrol or heat shock treatment (data not shown).
Mechanism of HSF1 Activation by Celastrol-To further examine the effect of celastrol on HSF1 activation, we made use of a GAL4-HSF1 fusion construct to directly test for an affect on the transactivation function of DNA-bound HSF1. In this construct, the HSF1 DNA-binding domain is replaced by the DNAbinding domain of GAL4, resulting in a chimeric HSF1 that binds DNA constitutively but is not fully active until exposed to heat shock or other stresses (26) . Consequently, when transfected together with a GAL4-luciferase reporter, GAL4-HSF1 is activated upon heat shock (Fig. 4) . Celastrol treatment has a similar effect on activation of the hsp70 promoter reporter (4.4-fold for heat shock and 5.5-fold for celastrol). Therefore, in addition to the induction of HSF1 DNA binding and hyperphosphorylation (Fig. 3) , celastrol treatment induces the transcriptional activity of a chimeric GAL4-HSF1 that is constitutively bound to DNA.
A feature of modulators of the heat shock response is that certain stressors can have combinatorial synergy with heat stress (3, 4, 33) . Therefore, we examined whether suboptimal levels of heat shock and celastrol could have a synergistic effect on endogenous HSF1. Whereas separate exposure to either a 41°C heat shock or 1.5 M celastrol does not fully activate the hsp70.1pr-luc construct (relative to a 42°C heat shock), simultaneous exposure to both 1.5 M celastrol and 41°C resulted in maximal levels of hsp70 promoter activity (Fig. 5) . From these results, we conclude that celastrol treatment can lower the temperature threshold required for the heat shock response.
Celastrol Effects on Endogenous Heat Shock Gene Expression-We next wanted to test the effects of celastrol treatment on the expression of endogenous heat shock genes in both HeLa and the neuroblastoma cell line SH-SY5Y. In HeLa cells, the Hsp70 protein levels induced by treatment with 3 M celastrol (8 h) are similar to levels achieved following 42°C heat shock (1 h followed by 7 h of recovery; Fig. 6 ). The accumulation of Hsp70 corresponded to an increase in the levels of hsp70.1 mRNA. Because the heat shock response is generally not as strong in neuronal cells as in HeLa cells, we also tested the neuronal cell line SH-SY5Y. Induction of Hsp70 protein and FIG. 1. Celastrol activates a heat shock promoter reporter, and this activity is not cell-type specific. A, celastrol activates the hsp70.1pr-luc with an EC 50 of 3 M. Stable HeLa hsp70.1pr-luc cells were treated with the indicated concentrations of celastrol, and luciferase activity was determined 24 h later. Each experiment was performed in triplicate. The hsp70.1pr-luc construct is diagrammed. B, celastrol activates the hsp70.1pr-luc reporter in a variety of cell types. HeLa, MCF7, BT474, H157, and SH-SY5Y cells were transiently transfected with the hsp70.1pr-luc reporter. 24 h later, the cells were treated with or without 3 M celastrol for 24 h in triplicate and then harvested and assayed for luciferase activity.
hsp70.1 mRNA is clearly observed in SH-SY5Y cells treated with either celastrol or heat shock, although the Hsp70 protein levels are lower than in HeLa cells (Fig. 6) . Because Hsp40 can work together with Hsp70 as a cochaperone and Hsp27 has been implicated in protection from apoptosis, we tested whether these mRNAs were also induced. We found that celastrol, like heat shock, can induce these mRNAs as well (data not shown). Therefore, our results show that celastrol induces a "classical" heat shock response as indicated by increases in Hsp protein and mRNA expression levels.
Celastrol Is Cytoprotective against Severe Stress-Molecular chaperones have been shown to have wide ranging abilities to protect stressed cells from the acute or chronic consequences of protein damage; this cellular phenomenon is known as cytoprotection (34 -37). To determine whether celastrol treatment can have a cytoprotective effect through the induction of heat shock proteins, we tested the ability of celastrol to protect cells from severe stress. For the cytoprotection assay, we employed protection from a 45°C heat stress, a standard condition used in stress cytoprotection. HeLa cells (Fig. 7A) and SH-SY5Y cells (data not shown) were pretreated with either 3 M celastrol or a 42°C heat shock for 1 h, recovered for 5 h, and then given a 20-or 40-min 45°C heat treatment. The fraction of cell death, measured by trypan blue uptake, was measured 24 h later. Pretreatment with either celastrol or 42°C heat shock were both able to significantly protect cells from cell death induced by 20 or 40 min at 45°C.
To further assess the potential of celastrol to protect cells from stress-induced apoptosis, similarly pretreated cells were heat-shocked at 45°C for 35 min and assayed 24 h later for cytosolic nucleosomes, an indicator of apoptotic cell death, using the Cell Death enzyme-linked immunosorbent assay (Roche Applied Science). HeLa or SH-SY5Y cells, which were treated with a 45°C heat shock alone, showed between 3-and 4-fold enrichment of cytosolic nucleosomes. As expected, pretreatment of HeLa cells with a 42°C heat shock protected from apoptotic cell death as measured by a decrease in cytosolic nucleosomes. Likewise, celastrol pretreatment also protected HeLa cells from apoptosis (1.7-fold), and similar results were obtained for SH-SY5Y neuroblastoma cells (Fig. 7B) . Therefore, celastrol pretreatment can protect cells from a subsequent lethal heat stress, causing a decrease in total cell death and a corresponding decrease in apoptotic cell death. These results demonstrate that celastrol is effective as a cytoprotective agent against stress-induced cell death.
DISCUSSION
The studies presented here identify celastrol as a founding member of a new class of molecules of the triterpene family with pharmacological activity to induce the human heat shock response in neuronal and non-neuronal tissue cells. Celastrol exhibits kinetics of induction similar to that observed for heat shock. Our data shows that the effect of celastrol treatment is on the activity of HSF1 at multiple levels, including activation of DNA binding, hyperphosphorylation of HSF1, and transcriptional activation of heat shock genes. Increased levels of HSF1 DNA binding to the heat shock element in the Hsp70 promoter are observed both in vitro by electromobility shift assay and in in vivo experiments using chromatin immunoprecipitation, suggesting that all downstream events regulated by HSF1 are affected.
Activators of the heat shock response have often been linked to the generation of unfolded proteins or to the inactivation of molecular chaperones that participate in feedback inhibition of the HSF1 transcriptional response. To address whether celas- The cells were treated with 3 M celastrol for 8 h prior to analysis. Heat shock was performed at 42°C for 1 h, followed by recovery for 7 h. ␤-Actin was used as a loading control. B, reverse transcription-PCR shows induction of hsp70.1 mRNA upon treatment with 3 M celastrol or 42°C heat shock. The extracts used to make the RNA were from the same samples as in A. 18 S rRNA primers were used as a control for equal RNA levels.
trol interfered with the chaperone function of Hsp70, we employed in vitro assays in which the folding of a chemically denatured substrate could be monitored as a function of Hsp70 activity. Our results show that celastrol has no effect on Hsp70 (Supplemental Fig. 2A) . We also tested celastrol to see whether it directly causes global protein denaturation using luciferase, a thermolabile enzyme that can be monitored in assays for chaperone activity. Incubation of luciferase with celastrol over a 30-min time course did not affect luciferase activity in vitro (Supplemental Fig. 2B ). Likewise, celastrol had no effect on luciferase activity expressed in mammalian cells (Supplemental Fig. 2C) . Therefore, we conclude that celastrol does not have global effects on protein folding or Hsp70 chaperone activity. The recent identification of nearly 200 genes that control protein folding quality control (38) offers other potential targets for celastrol.
Celastrol is a member of the triterpenoid family of compounds that are known for their anti-inflammatory and antitumor properties (39, 40) . Triterpenoids inhibit the activity of DNA polymerase ␣ and ␤, polymerases involved in DNA replication and repair, respectively (41, 42) . Triterpenoids also inhibit DNA topoisomerase I and II, molecules that catalyze the breaking and rejoining of DNA and that are required for DNA replication, repair, and recombination (41) . Because many anti-cancer drugs work by interfering with DNA polymerases and topoisomerases, this could account for the anti-tumor effects of triterpenoids. Triterpenoids also have been implicated in altering signaling pathways, including the up-regulation of transforming growth factor ␤/Smad signaling and the down-regulation of nuclear factor B (NF-B) signaling, both resulting in anti-inflammatory consequences (43, 44) . The down-regulation of NF-B by celastrol is especially interesting because many compounds that activate the heat shock response also inhibit NF-B, indicating a potential link between the two systems (1). In support of this, the kinases GSK3, extracellular signal-regulated kinase, protein kinase C, and c-Jun N-terminal kinase have all been implicated in both NF-B and HSF1 regulation, with opposite effects in each system (32, 45) . Direct phosphorylation of HSF1 by these kinases has been implicated in transcriptional repression, whereas direct phosphorylation of the RelA subunit of NF-B by these kinases has been implicated in increased transcriptional activity. Calcium/calmodulin-dependent protein kinase II is an exception to this rule, with a positive transcriptional effect on both HSF1 and NF-B (31, 46) . However, because several kinases do have opposite transcriptional effects in the two systems and NF-B activation has been linked to HSF1 inhibition and vice versa, it is possible that celastrol alters a kinase/phosphatase balance that is in common to both signaling systems.
Although anti-inflammatory and anti-tumor effects seem to be general properties of the triterpenoid family of compounds, our analysis of celastrol and 19 chemically related compounds reveals that the chemical structure of celastrol appears highly specific for activation of the human heat shock response. We show that only celastrol, celastrol methyl ester, and dihydrocelastrol diacetate are similarly active. Celastrol butyl ester and dihydrocelastrol also have effects on heat shock activity, although at higher concentrations. Included in our assays were other quinone methides, known to be generally reactive in oxidative pathways (47) . Neither brazilein nor hematein could activate the heat shock response, indicating that simply having an active quinone methide is insufficient. Moreover, dihydrocelastrol diacetate is not a quinone methide, yet it is highly active. Activation of the heat shock response, therefore, must be related to specific structural features of celastrol and not because of a generic ring structure, because celastrol benzyl ester does not have an effect on the heat shock reporter (up to 10 M concentration), whereas celastrol methyl ester is active. The topology of the A/B rings (Fig. 2) of celastrol is different from that of dihydrocelastrol diacetate, which has a reduced ring structure, yet both compounds are active. Although relatively small changes in structure appear to have large activity effects, it is not yet clear whether the differences in activity are due to changes in binding to a putative protein target or due to differences in stability, absorption, distribution, or metabolism (i.e. pharmacokinetics) of the various compounds in our whole cell assay. Interestingly, when the same set of compounds was tested for inhibition of an NF-B-driven reporter, an identical FIG. 7 . Celastrol protects cells from severe stress. A, celastrol (Cel) protects cells from 45°C heat-induced cell death. HeLa cells were pretreated with 3 ⌴ celastrol for 1 h, washed three times and given fresh medium, and then recovered for 5 h prior to a 20 or 40 min 45°C heat treatment. 24 h later, the percentage of cell death was determined by trypan blue uptake. As controls, the cells either received no pretreatment or a 1-h 42°C pretreatment. The differences in group means were compared by the Student's t test. A p value Ͻ0.05 (*) was considered statistically significant. B, celastrol pretreatment protects cells from 45°C heat-induced apoptosis. HeLa and SH-SY5Y cells were either treated or not treated with 3 M celastrol for 1 h, followed by washing to remove the celastrol and a 5-h recovery at 37°C. The cells were then treated for 35 min with a 45°C lethal heat treatment, returned to 37°C, and allowed to grow for 24 h prior to analysis of cytoplasmic nucleosomes using the Cell Death Elisa Plus method (Roche Applied Science). The results are plotted as fold enriched nucleosomes as compared with the no treatment control. The differences in group means were compared by the Student's t test. A p value Ͻ0.05 (*) was considered statistically significant. ELISA, enzyme-linked immunosorbent assay chemical specificity was observed. 2 Celastrol has several potential advantages relative to other known small molecule modulators of the heat shock response. First, the kinetics of activation of the heat shock response by celastrol shares many of the same kinetic features of heat shock, such as rapid activation within minutes and to the same magnitude of induction. Other chemical modulators of the heat shock response, such as nonsteroidal anti-inflammatory drugs, hemin, proteasome inhibitors, and serine protease inhibitors, exhibit a delayed activation of HSF1 and heat shock genes similar to the 2-4-h kinetics observed for heavy metals (3, 7, 48 -51) . Second, celastrol has a relatively low EC 50 value of 3 M, compared with millimolar levels for other compounds. This EC 50 value is in a range that could potentially be lowered to the nanomolar level through further compound optimization. Third, previously reported in vivo effects of celastrol are promising. Extracts containing celastrol have been given to Chinese patients for many years without published reports of carcinogenicity or other limiting side effects (22, 23) . Additionally, in rat models for Alzheimer's disease, celastrol at 7 g/kg (equivalent to about a 0.25-mg dose for a human adult) was found to improve memory, learning, and psychomotor activity (39) . Perhaps some of the pharmacological effects of celastrol in this rodent model for neurodegenerative disease could also be due to effects on heat shock gene expression.
The induction of molecular chaperones has been shown to be cytoprotective against a variety of stresses, including DNA damage, UV irradiation, serum withdrawal, chemotherapeutic agents, and lethal heat stress (52) . This may be due in part to the known anti-apoptotic functions of the chaperones Hsp70, Hsp40, Hsp27, and Hsp90 (53) (54) (55) . Heat shock proteins have been demonstrated to intervene at multiple points in the apoptotic pathway, including inhibition of c-Jun N-terminal kinase activation, prevention of cytochrome c release and disruption of apoptosome formation (37, 56 -60) . The transcriptional up-regulation of molecular chaperones caused by an intermediate heat shock therefore has cytoprotective benefits against subsequent stresses such as a lethal 45°C heat stress. In our experiments, we observe that celastrol can induce cytoprotection against a lethal heat stress in both HeLa cells and the neuroblastoma cell line SH-SY5Y to a similar extent as a 42°C heat shock. These results show that celastrol may have broadly protective effects in a wide range of cellular pathologies associated with cell damage and proteotoxicity through the upregulation of the human heat shock response and induction of molecular chaperones.
In addition to their therapeutic uses, small molecules are often useful tools to dissect molecular pathways. Studies with the drug sodium salicylate, for instance, were the first to show that HSF1 activation involves a multi-step process (7, 8) . Like sodium salicylate, celastrol may also prove to be a valuable tool for furthering our knowledge of the activation of the heat shock response. Further studies with celastrol may also lead to additional therapeutic targets for modulation of the heat shock response.
